The biosynthetic pathway leading to methionine ( Fig. 1) is similar in many species of microorganisms, although there seem to be several different ways of carrying out the final step in the sequence, the methylation of homocysteine. The methylation of homocysteine in Escherichia coli (7) , Salmonella typhimurium (20, 21) , and Proteus mirabilis (8) involves a methyl derivative of folic acid, with or without the participation of vitamin B12, whereas in Saccharomyces cerevisiae (15) and Aerobacter aerogenes (19) there is a direct methylation by S-adenosylmethionine (SAM). In Neurospora crassa (25) and P. mirabilis (8) , S-methylcysteine (SMC) is involved in the synthesis of methionine by a route which excludes cysteine, suggesting the presence of an alternate route for methionine biosynthesis in these organisms.
The genes coding for the methionine biosynthetic enzymes are unlinked by transductional tests in E. coli (23) and S. typhimurium (20, 21) and thus are not organized into an operon (11) as are the genes involved in histidine biosynthesis, tryptophan biosynthesis, and lactose utilization (18, 23) . Fargie and Holloway (6) , in their survey of nutritional auxotrophs of Pseudomonas aeruginosa strain 2, reported that functionally related genes are generally unlinked in this organism.
The following report concerns the isolation and characterization of methionineless auxotrophs of P. aeruginosa strain 1. On the basis of growth on methionine precursors and the cross-feeding response, methionine biosynthesis in P. aeruginosa appears to be similar to that of other bacteria. However, none of the mutants lacking the ability to methylate homocysteine grew when supplemented with vitamin B12 or SAM. S-methylcysteine cannot replace methionine as a growth factor. Furthermore, genetic mapping with bacteriophage F116 indicates that the genes coding for the enzymes involved fall into at least four unlinked transduction groups.
MATERIALS AND METHODS Bacteria and bacteriophage. P. aeruginosa strain 1 (9) and transducing bacteriophage F116 (10) were obtained from B. W. Holloway, Victoria, Australia.
Media. Eighteen-hour stationary cultures were grown in PS broth composed of (per liter of distilled water): 10 g of tryptone, 1 g ofyeast extract (Difco), 1 g of Vitamin Free Casamino Acids (Difco), 5 g of NaCl, and 0.5 g of NH4NO3. The minimal medium (MM) used was that of Davis and Mingioli (4); it was solidified with 1.5% agar (Difco) when required and was enriched (EMM) with 0.025% nutrient broth (Difco) and 0.005% yeast extract for cross-feeding and isolation of auxotrophic mutants. Cells were treated with N-methyl-N'-nitro-nitrosoguanidine (Aldrich Chemical Co., Milwaukee, Wis.) in tris (hydroxymethyl) aminomethane (Tris)-maleic buffer (pH 6.0) composed of (per liter of distilled water): 6.1 g of Tris, 5.8 g of maleic acid, 1.0 g of (NH4)2SO4, 0.1 g of MgS04*7H20, 5 Lysate preparation. Bacteriophage lysates were prepared by the agar layer method (1), and surviving bacteria were removed by filtration. Titers of lysates were 10 to 101" plaque-forming units (PFU)/ml, and they remained stable for several months.
Transduction. Eighteen-hour stationary cultures were centrifuged and resuspended in an equal volume of Tris-Mg buffer (titer about 2 X 109 cells/ml); equal volumes of resuspended cells and lysate (adjusted to 1010 phage/ml) were mixed and incubated for 30 min at 37 C to allow for phage adsorption. Samples of 0.1 ml were plated on EMM plates, and colonies of prototrophic recombinants were counted after 24 to 48 hr at 37 C. Samples of 0.1 ml of a 1:10 dilution were plated when strains met-I 17 or met-73 were recipients, since these strains formed protorophic recombinants at 10 to 100 times the frequency of other methionine auxotrophs. Controls to demonstrate the absence of prototrophic bacterial contaminants in the phage preparation and to measure back-mutation in the bacterial suspension were included in all experiments.
Cross-feeding. Eighteen-hour stationary cultures were centrifuged and resuspended in Tris-Mg buffer; 0.5-ml samples were added to 10 ml of molten EMM which was then poured into an empty petri plate. These plates were allowed to solidify for I to 2 hr, and a single drop of each of 12 different bacterial suspensions was spotted on the plate. After incubation at 37 C for 36 to 72 hr, growth of cells in the agar around the drop or growth of the cells on the surface of the agar was visible when cross-feeding occurred. In subsequent experiments, attempts were made to maximize the cross-feeding response by substituting MM with limiting methionine for EMM. Cross-feeding was greater in MM containing 0.1 jug of DL-methionine per ml than in EMM or in MM with the other limiting concentrations of methionine tested (5.0, 4.0, 0.5, 0.01 Mg/ml).
Chromatography. The solvent system of Wade, Matheson, and Hanes (24), containing propanalethyl alcohol-pyrophosphate buffer (2:1:1), and Whatman no. 1 filter paper were employed to determine the purity of the compounds used to test growth requirements and for the identification of accumulated intermediates in spent culture medium.
RESULTS
Growth response. The response of methionineless auxotrophs of P. aeruginosa to compounds that are involved in methionine biosynthesis in other organisms was determined. The results (Table 1) indicated the presence of nine growth response groups, five among those responding to cysteine (cysteine auxotrophs) and four among those not responding to cysteine (methionine auxotrophs). It was possible to identify the probable genetic defect from the growth response None of the mutants responding only to methionine (met IV and met V) couid fulfill their methionine requirement with vitamin B12 or SAM, even though two transduction groups were present. These mutants probably correspond to metF mutants ( Fig. 1 ), lacking N5, N'0-methylene tetrahydrofolate reductase (21) , or possibly to mutants of the metG locus (see below). Of the five mutants in the met IV and met V groups (Table 2) , all except met-117 responded to cystathionine. The met III group appeared to correspond to the metC locus, controlling cystathionase synthesis (21) . Since o-succinylhomoserine was not available for testing, the metA and metB functions could not be distinguished by growth on intermediates4 and the met II group may consist of mutants of either or both genes. The single representative of the met I group (Table 2) , strain met-239, was stimulated by homoserine, and, although growth was not equivalent to that with methionine, this mutant may be blocked prior to the formation of homoserine. Mutant met-239 also grew when SAM was the supplement. Among those strains responding to cysteine, growth responses expected of strains carrying a mutation in cysE, (cys V) cysG (cys III and IV), and "Ser/Met" (cys I and II) were found (Fig. 1 ).
An unexpected finding was that vitamin B12 and SAM stimulated the growth of some of these mutants (cys I, II, and III). The explanation for this stimulation is not clear.
In contrast to the results with P. mirabilis (8) and N. crassa (25), SMC could not substitute for methionine as a growth factor. Thus, this alter- None of the mutants tested responded to S042-or S032. Growth equivalent to that with methionine occurred after 24 hr with homocysteine, SMC, cysteine, or S2032-, whereas growth on vitamin B12, S2, homoserine, serine, or SAM was delayed 48 to 72 hr and then proceeded to a limited extent. Two types of responses to cystathionine were found. The growth of met I-V and cys V mutants was slight after 72 to 96 hr, whereas the growth of cys I-IV mutants after 24 hr was equivalent to that with methionine. These differ-ences may be due to contaminating amounts of cysteine in the cystathionine preparation. Onedimensional paper chromatography of compounds used to test growth responses produced a single ninhydrin spot, except for cystathionine, which had two ninhydrin positive spots, one with an RF value identical to that of cysteine.
Cross-feeding. Representative mutants from each growth response group were used for crossfeeding experiments (Table 3) , and each representative strain was also tested for cross-feeding with the other cysteine and methionine mutants. The met IV and met V mutants which were unable to methylate homocysteine presumably excreted this compound. The compounds excreted by the other groups of methionine and cysteine mutants have not been identified. Attempts to identify accumulated intermediates in the culture medium of mutants grown in minimal medium containing homocysteine (50 mg/ml) or limiting (0.1 ,ug/ml) methionine have been unsuccessful. Only mutant cys-327 (cys I) excreted a compound in sufficient quantity to be detected by paper chromatography. This compound had an RF unlike any precursor of methionine tested and it has not been further characterized. Strain met-91 (met IV) was fed by strains met-117, met-73, and met-16 when initially isolated; although this cross-feeding was repeated several times, this property of strain met-91 was lost after several months.
The growth stimulation of cys II mutants produced by cys III and cys IV mutants was strikingly different from that produced between other pairs of auxotrophs; the former was apparent after 24 hr of incubation and produced a halo of growth in the agar extending 3 to 5 mm around the drop of cell suspension, whereas the latter occured only after 2 to 3 days of incubation and produced a faint halo of about 1 mm around the drop.
Transduction. Lysates were prepared on the 15 mutant strains chosen from the phenotypic groups and also on the wild-type parent strain. Crosses were made with all combinations of lysates and these strains. The remaining mutants were classified into transductional groups. A marked decrease in the frequency of transduction between mutants is taken as evidence of close linkage and membership in the same transduction group (5) .
The number of transductants formed in representative crosses between methionineless auxotrophs is shown in Table 4 . The strains varied considerably in their efficiency of forming prototrophic recombinants. For this reason, the prototrophic yields produced with a mutant lysate on a particular strain are conveniently expressed as the per cent of the number formed by the wild-type lysate on that strain (2).
We found, as did Mee and Lee (13) , that there was considerable variability in the transducing ability of lysates prepared on different strains; therefore, these percentages have been adjusted to compensate for these differences in donor efficiency. The donor efficiency of each mutant lysate, relative to the wild-type lysate, was estimated by the ratio of the number of transductants in the crosses, cys-410 X wild type/cys-410 X phage donor.
The results shown in Tables 4 and 5 indicate four unlinked transduction groups among the methionine-requiring mutants. With the exception of strain met-239 (met I), which gave a weak response to homoserine, there was no evidence for linkage of the genes involved. The cysteine mutants comprised at least three transductional Smith and Childs (21) reported that a group of methionine auxotrophs in S. typhimurium (met G) have a similar property. It is of interest that strains carrying mutations in met G in S. typhimurium do not appear to contain a specific enzymatic deficiency, but rather have a low level of all of the methionine biosynthetic enzymes (21) .
DISCUSSION
The growth requirements of methionine and cysteine auxotrophs of P. aeruginosa indicate that these amino acids are synthesized by a route similar to that in other microorganisms; however, none of the mutants lacking the ability to methylate homocysteine responded to SAM or vitamin B12. An unexpected finding was the stimulation of some of the cysteineless mutants by vitamin B12.
SMC could substitute for cysteine, but not methionine, as a growth factor. Thus, the alternate pathway for methionine biosynthesis involving SMC (8, 25) apparently is not present in P. aeruginosa.
Cross-feeding among methionine mutants is weak but detectable, suggesting that only small quantities of biosynthetic intermediates are accumulated and excreted by the cells. Cross-feeding among cysteine auxotrophs is also weak except for the stimulation of cys II mutants by cys III and cys IV mutants.
Attempts were made to identify the compounds excreted by these mutants when grown with homocysteine or limiting methionine. Samples of spent culture medium from representative cysteine-and methionine-requiring mutants were applied to paper chromatograms, but no ninhydrin-positive spots corresponding to known intermediates were visible. Only strain cys-327 (cys I) excreted a compound in detectable quantities and this compound had an RF unlike any methionine or cysteine precursor tested.
Transduction with bacteriophage F116 indicated the presence of four separate linkage groups among the methionineless mutants and at least three among the cysteineless mutants. A marked reduction in the number of prototrophs formed in crosses between mutants is taken as evidence of cotransduction, and hence linkage of the markers involved. On the other hand, when crosses between mutants give rise to prototrophic recombinants at approximately the same frequency as crosses with the wild type as donor, then it is assumed that the two mutant loci are unlinked (5) . Confirmation of these linkage arrangements depends upon demonstrating contransduction of these loci with other unrelated markers.
On the basis of the studies reported here, it is possible to predict the missing enzymatic defect in these mutants; however, direct proof must await the results of enzymatic assays now in progress.
In a survey of nutritional auxotrophs of P. aeruginosa strain 2, Fargie and Holloway (6) reported that genes controlling related steps in biosynthetic pathways are generally unlinked. In more detailed studies, genes coding for the histidine biosynthetic enzymes in P. aeruginosa strain 1 (13) and the genes coding for the tryptophan biosynthetic enzymes in P. putida (3) have been shown to form several unlinked transduction groups. This is in contrast to the situation in E. coli and S. tyhimurium; in these species, related genes frequently are closely linked (18, 23) . However, the genes controlling methionine biosynthesis in S. typhimurium (20, 21) and E. coli (23) are arranged into four unlinked transductional groups.
Studies on the regulation of the synthesis of the methionine biosynthetic enzymes in E. coli and S. typhimurium revealed that the enzymes are repressed by methionine, but the repression is apparently noncoordinate (12, 17) . At the present time, there is little data available on the regulation of biosynthetic enzymes in the genus Pseudomonas. However, in P. putida the enzyme catalyzing the final step in tryptophan biosynthesis, tryptophan synthase, is induced by its substrate, indolglycerol phosphate (3) . Inducible oxidations in catabolic pathways in pseudomonads are classically sequential (22) or semisequential (14) . Thus, it will be of interest to determine how the unlinked genes controlling methionine biosynthesis in P. aeruginosa are regulated.
